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Abstract--Measurements of vapor bubble growth were made in microgravity using R-113 with transient 
heating at a flat surface, and comparisons made with a combination of two one-dimensional spherical 
models ; an initially uniform superheat model, using the highest temperature at nucleation, denoted as the 
upper bound of growth, while the second model uses the non-uniform temperature distribution at nucleation 
as the initial condition surrounding the critical size vapor bubble, denoted as the lower bound. A bubble 
growth fraction is introduced, related to the upper and lower bounds, and provides a simple index to 

describe the vapor bubble growth. Copyright © 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

The understanding of vapor bubble growth on a 
heater surface in microgravity or the absence of buoy- 
ancy is an important step toward describing the associ- 
ated heat transfer, not only in microgravity but per- 
haps also in earth or higher gravity levels. A transient 
heating process in microgravity can provide, at the 
minimum, known temperature distributions at 
nucleation and subsequent bubble growth, under a 
variety of circumstances not otherwise possible in nor- 
mal gravity fields for purposes of testing this under- 
standing. Measurements of vapor bubble growth and 
collapse in earth gravity are generally quite non-repro- 
ducible because of  the randomness of the temperature 
distribution in the vicinity of the growing vapor 
bubble, resulting from the turbulence associated with 
the natural and/or forced convection present, and 
from the liquid agitation produced by adjacent or 
prior bubbles. The randomness can be eliminated by 
instituting a transient heating process of a stagnant 
liquid to the onset of boiling under microgravity 
conditions. 

Previous experiments involving boiling in reduced 
gravity have been conducted and reported by Usiskin 
and Siegel [1], Merte and Clark [2], Littles and Walls 
[3], Ervin et al. [4], Straub et al. [5], Merte et al. [6] 
and Abe et al. [7], using various facilities; parabolic 
aircraft flights, sounding rockets, and free fall in drop 
towers. Little attention has been devoted to the details 
of vapor bubble growth on the heater surface because 
of the relatively short periods of time available, with 
the major emphasis being rather on the heat transfer 
itself. 

Transient pool boiling experiments were conducted 
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on three space flights (STS-47, -57, -60) as part of a 
NASA Get Away Special (GAS) program in Sep- 
tember 1992, June 1993 and February 1994, respec- 
tively, with each flight experiment consisting of nine 
test runs of duration up to 120 s. Measurements of 
early vapor bubble growths on a relatively large flat 
heating surface were obtained in which the initial con- 
ditions are quite well defined as a consequence of the 
absence of buoyancy. The results of some of  these 
measurements are presented here for those cases 
where the early bubbles were observed to be approxi- 
mately spherical, together with an analytical charac- 
terization of this spherical vapor bubble growth in 
an initially non-uniform one-dimensional Cartesian 
temperature distribution. 

Vapor bubble dynamics in non-uniform tem- 
perature fields find extensive applications in diverse 
areas of pool and forced convection boiling, including 
cavitation, ultrasonic cleaning, bubble jet printers, 
and acoustics. The number of analytical works related 
to such vapor bubble growth on a flat heater surface 
is relatively small because of the complexity intro- 
duced by the combination of flat and curved interfaces 
with non-uniform temperatures. 

Han and Griffith [8] derived a closed-form 
expression for bubble growth with quasi steady pool 
boiling in earth gravity, considering one-dimensional 
heat conduction surrounding the bubble, with the 
bubble beginning to grow from an arbitrary-sized 
cavity. Mikic et al. [9] predicted the bubble growth in a 
non-uniform temperature field by correcting an initial 
uniform superheat model, considering only heat 
diffusion. In both of these works it was assumed that 
the liquid at a uniform temperature comes into contact 
with the heater surface at a given temperature, and 
after a waiting time the vapor bubble forms and grows 
in the non-uniform temperature field resulting during 
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NOMENCLATURE 

:~ thermal diffusivity t* 
FBo bubble growth fraction 
k, thermal conductivity of T 

liquid To 
Psys system pressure T* 
qi' heat flux to the liquid 
q~ total heat flux applied A T, up 
r radial coordinate 
t time A T, ub 

delay time between onset of heating 
and nucleation 
temperature 
initial bulk temperature 
mean heater surface temperature at 
nucleation 
local heater surface superheat at 
nucleation 
bulk liquid subcooling. 

this waiting time, followed by departure due to 
buoyancy. 

The present experiments and the prior ones of Ervin 
et al. [4] disclosed two categories of bubble growth: 
one with bubbles having a smooth surface and what is 
termed moderate growth rates ; the other with bubbles 
having what appears to be a roughened interface, 
accompanied by extremely large growth rates, some- 
times classified as violent. The work here focuses on 
the dynamics of those growing vapor bubbles having 
a smooth surface, and beginning from surrounding 
non-uniform initial temperatures. 

To understand the mechanisms associated with the 
vapor bubble dynamics more fully, a one-dimensional 
spherical model was formulated simultaneously incor- 
porating momentum, energy, surface tension and vis- 
cosity. The treatment for an initially uniformly super- 
heated bulk liquid is presented in Lee and Merte [10]. 
This model can also be used to predict vapor bubble 
growth and collapse arising from initially non-uni- 
form temperature fields following nucleation. The 
results of some computations will be presented below. 
However, vapor bubble growth from plane heater sur- 
faces can not be accommodated, since the dynamics 
of this geometry inherently involve 2D or 3D con- 
siderations. An example of interferometric tem- 
perature measurements by Straub et  al. [11] is given 
in Fig. 1 for such a configuration. As will be dem- 
onstrated, the combination of the initially uniform 
and non-uniform superheated liquid models provide 
upper and lower bounds for predicting the vapor 
bubble growth and collapse dynamic processes. The 
alternative is to solve the 3D case simultaneously 
incorporating momentum, energy, surface tension 
and viscosity, with the 3D interface shape becoming 
a part of the solution process. Computational possi- 
bilities for such are not yet available. Computations 
with the present model, on the other hand, provide 
reasonable approximations to observed behaviors. 

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

Bubble growth measurements with R- 113 were con- 
ducted in the microgravity of space, providing on the 

order of a/g approx 10 4 as one component of pool 
boiling experiments. A total of nine tests were conduc- 
ted, each lasting up to two minutes, at three levels of 
heat flux and three levels of subcooling, in each of 
three space experiments. Photographs of the boiling 
process were obtained simultaneously from the side 
and from beneath the heater surface at framing rates 
of 10 and 100 fps. 

Figure 2 presents a schematic diagram of the test 
vessel, consisting of R-113 and nitrogen (N2) cham- 
bers. The R-113 chamber has internal dimensions of 
15.2 cm i.d. × 10.2 cm high, and includes a gold film 
heater on a quartz substrate, a pressure transducer, 
thermistors, and stirrer. The stirrer functions to pro- 
vide a timely uniform fluid temperature between each 
test. The pressure transducer measures the system 
pressure with an uncertainty of +0.345 kPa, while 
thermistors measure the liquid temperatures adjacent 
to the heater surface at distances of 1, 5, 10 mm, and 
at various other locations, with a total uncertainty of 
-+ 0.06°C. The nitrogen chamber is used to maintain 
the desired system pressure. System subcooling was 
obtained by increasing the system pressure above the 
saturation pressure corresponding to the initial liquid 
temperature. In the absence of buoyancy, an initially 
motionless liquid remains stagnant upon heating until 
the onset of boiling, and the temperature distribution 
at the moment of incipient boiling can be determined 
from a conduction heat transfer analysis. 

Two heater surfaces are placed on a single flat sub- 
strate, installed so as to form one wall of the test vessel 
as shown in Fig. 2, with one acting as a back-up. Each 
heater consists of a 400 A thick semi-transparent gold 
film sputtered on a highly polished quartz substrate, 
seen in Fig. 3, and serves simultaneously as a heater, 
with an uncertainty of _+ 2% in the measurement of 
the heat flux, and a resistance thermometer, with an 
overall uncertainty of _+1.0°C. The heater is rec- 
tangular in shape, 19.05 x 38.1 mm (0.75 x 1.5 inch). 
Degassed commercial grade R- 113 (trichloro- 
trifluorethane, CCI2FCCIF2) was used because of 
its low normal boiling point (47.6°C), which min- 
imized problems associated with heat loss to the sur- 
roundings, and because of its electrical noncon- 
ductivity, which is compatible for direct contact with 
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Fig. 1. Temperature field around a downward facing R-I13 vapor bubble by means  of holographic 
interferometery (Straub e t  al. [11]). 
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Fig. 2. Schematic of  test vessel with concept to provide constant  pressure and initially uniform fluid 
temperature. 
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Fig. 3. Transparent gold film heater,'resistance thermometer on quartz substrate. 

the thin gold film heater. Further experimental details 
may be found in Merte et al. [12]. 

After a uniform temperature in the quiescent liquid 
is achieved, the desired heat flux is applied to the 
heater surface so that a temperature distribution 
adjacent to the heater surface is produced by transient 
conduction. After a certain delay time, a non-uniform 
superheat is reached sufficient to cause nucleation and 
subsequent vapor bubble growth. The shape of the 
bubble remains spherical or hemispherical during the 
very early stages of growth, to be demonstrated photo- 
graphically, but then becomes deformed as spreading 
across the heater surface takes place. Once defor- 
mation takes place measurements of bubble growth 
for present purposes is halted, since only smooth 
spherical bubbles are considered here. 

3. MODELING 

A realistic thermal boundary layer around an early 
hemispheric vapor bubble, arising with transient heat- 
ing from a flat heater surface, is shown schematically 
in Fig. 4(a), to be compared with the measurement in 
Fig. 1. An attempt is made here to describe the bubble 
growth on a heater surface in such a circumstance, 
under microgravity, with maximum simplicity using a 
combination of two 1D spherical models. In one case, 
knowing the initial non-uniform temperature dis- 
tribution given by measurement and computation at 
the moment of nucleation, the highest temperature, 
the local heater surface temperature, is taken as a 
uniform temperature to compute the bubble growth. 
This is illustrated in Fig. 4(b), and is referred to as the 
initial uniform superheat model, discussed in detail in 
Lee and Merte [10]. This model is regarded as the 

upper bound to the bubble growth rate possible since 
the highest temperature is presumed to exist uniformly 
throughout the liquid. The other model for the bubble 
growth is obtained by considering that the initial non- 
unitbrm spherically symmetric temperature dis- 
tribution around the bubble is identical to that normal 
to the heater surface at the moment of nucleation, 
illustrated in Fig. 4(c). This is the minimum tem- 
perature distribution in the radial direction in realistic 
temperature fields surrounding the initial vapor 
bubble, and is regarded as the lower bound to the 
bubble growth rate. When comparing the presumed 
thermal boundary layer around the vapor bubble in 
Fig. 4(a) to that in Fig. 1, it becomes obvious that 
reality should exist between the upper and lower 
bounds of these temperature distributions. 

The governing equations and numerical schemes 
for the initial non-uniform temperature distribution 
model are identical to those of Lee and Merte [10], 
except for the initial condition. A step constant and 
uniform heat flux input to the gold film heater 
described above corresponds, in microgravity, reason- 
ably well to the transient heat conduction in a semi- 
infinite solid, with the temperature distribution in the 
liquid at the nucleation time t* given by : 

2qi'x/(~t*./'~r) f - 1.2 
T ( r , t * ) - T o  ~ exp ~ 4 ~  ) 

qi'r ~ f r \ 
- ~7 eric/  .-,~./. (1) 

-, \24(,~t )J 

4. RESULTS AND DISCUSSIONS 

Bubble growth is a result of the liquid superheat 
temperature distribution at the moment of nucleation, 
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Fig. 4. Schematic diagram of hemispherical vapor bubble growing on a flat heater surface into an initially 
non-uniform one-dimensional Cartesian temperature. (a) Realistic thermal boundary layer, (b) initial 

uniform superheat model, (c) initial non-uniform superheat model. 

whether resulting from heterogeneous or homo- 
geneous nucleation. However, based on present obser- 
vations, the level of superheat will be quite different 
between these, with what appears to be homogeneous 
nucleation producing the rough interface and violent 
bubble growth rates referred to above. Such behaviors 
are not considered here. 

4.1. Photoyraphs of bubble yrowth 
A typical photograph taken during early vapor bub- 

ble growth is shown in Fig. 5, where the upper half 

presents the side view and the lower half is the bottom 
view through the semi-transparent gold film heater. 
The bright spots in the lower left are the binary time 
indicators. The thermistors and support tubes can be 
seen in the center of each heater in the bottom view, 
to measure the liquid temperatures above the heater 
surface at 1, 5 and 10 mm. A bubble in the side view 
appears to be hemispherical, along with its reflection 
from the heater surface. The same bubble also appears 
on the heater surface through the bottom view, giving 
a virtual image of two thermistor support tubes. It is 
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6 are plotted in Figs. 7 and 8, respectively, with the 
computational  results of  the upper and lower bound 
models ; the upper bound of  the growth is computed 
using the initial uniform superheat model associated 
with the highest temperature at the heater surface, 
while the lower bound is computed using the initial 
non-uniform superheat model. In addition, the initial 
liquid superheat temperature distribution is super- 
imposed as shown. The initial liquid temperature dis- 
tribution was generated using the 1D analytical tran- 
sient conduction analysis with the aid of  the 
measurements of  the mean heater surface temperature 
and a 3D transient heat conduction computat ion with 
composite materials of  R-113 and the thin gold film 
on a quartz substrate, to determine the local heater 
surface temperature at each nucleation site. 

Fig. 5. Photograph image of an R-113 vapor bubble at 
approximately 0.01 s from onset of nucleation. Bubble num- 
ber s60r9, a /g=  10 4, t*=30.52 s, q:~.= 1.8 W cm 2 
P~y~ = 107.7 kPa, T,~, = 49.4 C, Tbulk = 48.6 C, T* 

= 93.7 C, AT,,p = 64C, AT~ub = 0.7 C. 

4.2. Bubble 9rowth J'raction 
The concept of  a bubble growth fraction (FBG) is 

introduced here to describe the actual vapor bubble 
growth in terms of a combination of  the upper and 
lower bound curves in Figs. 7 and 8. I fRu  is the radius 
at a time t corresponding to a point (U) on the upper 
bound curve, as seen in Fig. 7, and RN is the radius at 
the same time corresponding to a point (N) on the 
lower bound curve, and RA is the radius of  an actual 
bubble at a point (A), a simple relationship is estab- 
lished as : 

noted that the bubble shape is quite spherical and the 
sharp image of  the tubes indicates that the interface 
of  the bubble is smooth. The bubble size of  approxi- 
mately 8.3 mm diameter was determined by using 
imaging software, in which the projected area of  the 
bubble was scanned, and the effective radius deter- 
mined. The first bubble appeared at 30.52 s following 
the application of  the imposed heat flux of 1.8 W 
cm 2, defined as the nucleation delay time (t*). 

For  purposes of comparing the measured vapor 
bubble growth with computations from the present 
model, two typical sets of  measurements out of  the 27 
runs conducted in the three space experiments were 
selected and are presented below. The remainder of  
the results are available in Merte et al. [12]. One image 
was already shown in Fig. 5, corresponding to bubble 
number s60r9, and the other sequence of  photographs 
is shown in Fig. 6, corresponding to bubble number 
s60r4. Only one image was available with a smooth 
interface in the former case since the maximum cam- 
era speed of  100 fps was not sufficient to capture the 
motion, while in the latter case the motion was slow 
enough to be recorded at this camera speed. The series 
of  photographs in Fig. 6 shows every other frame, 
with the first bubble appearing following a nucleation 
delay time (t*) of  0.74 s. The times under each photo- 
graph begin from the onset of  growth. Once the fron- 
tal interface deforms as shown at t = 0.38 s, the 
measurements of  bubble sizes were discontinued. 

The bubble growth measurements from Figs. 5 and 

Rtj x FBc~+ RN(I --FAG) = RA (2) 

Solving for F~G: 

RA - -  RN 
FB(I -- (3) 

Rtj--R~, 

Using equation (3) FBG is evaluated as 0.73 in Fig. 
7, and plotted as shown. FBG may be considered as an 
index of  whether the vapor bubble growth is governed 
primarily by the upper bound, the lower bound, or by 
a mixture of  these. 

The thermal boundary layers at nucleation in Figs. 
7 and 8 differ considerably in their thickness, being 
approximately 3 and 0.5 mm, respectively. The larger 
value of  3 mm is ascribed to the longer delay time of  
t* = 30.52 s albeit at a lower heat flux level of  1.8 W 
cm .2, while the thin layer of  0.5 mm is related to the 
short delay time of  t* = 0.74 s, with a high heat flux 
level of  6.5 W cm 2. The measurement of  the single 
bubble radius shown in Fig. 7, corresponding to 
FB~ = 0.73, is a consequence of  the larger thermal 
boundary layer, which promotes the larger bubble 
growth rate and thus is closer to the initial uniform 
superheat model. This is contrasted with Fig. 8, in 
which the thinner boundary layer produces bubble 
growth behavior closer to the initial non-uniform 
superheat model, with FBG = 0.16. 

It is to be noted that the lower bound curve in 
Fig. 8, the initial non-uniform superheat model, is 
representative of  the radial temperature distribution 
at the top of  a hemispherical bubble as the bubble 
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Fig. 6. Series of  photographs. Bubble number s60r4, R-113, a/g = 10 4, t* = 0.74 s, q~ = 6.5 W cm -2, 
Psys = 117.3 kPa, T~at = 52.0°C, Tb,lk = 48.8°C, 7~ = 86.3°C, ATs,p = 20°C, ATs,b = 3.2°C. 

-40 

6.0e-03 

5.0e-03 

-20 

~ ,  ##*e°E ' 

U ° 
/ 

I t  A 

Bulk Liquid Superheat (°C) 

0 20 40 60 

I 

{Bubble number: s60r9 ] 

. .  ! f' t 3.0c-03 ',,, 
2.0c-03 \ \  

\ 

1.0c-03 

J 
Initial uniform superheat model 

Initial non-uniform superheat 
model 

I~ Measurements of bubble radius 

. . . . . .  Predicted growth with F=0.73 

- -  - -  - -  Bulk fiqnid superheat at nucleation 

\ 

80 

6.0c-03 

5.0e-03 

4.0c-03 

3.0c-03 i 

2.0e-03 ~ 

1.0c-03 

O.Oe+O0 - O.Oc+O0 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 

Time (see) 
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growth takes place. Therefore, the slight decrease of  
the lower bound curve in Fig. 8 is attributed to the 
condensation taking place at the top of  the bubble. It 
is recognized that while the hemispherical model here 
incorporates the condensation at the bubble cap in 
cases where the bulk liquid is subcooled, the effects of  
microlayer evaporation beneath the vapor bubble are 
not included. Nevertheless, the model appears to 
provide, on a global basis, a reasonable description of  
bubble growth in microgravity. A treatment of  the 
roles of  the microlayer and the heater surface substrate 
in vapor bubble dynamics is given by Mei et al. [13]. 

4.3. Bubble dynamics 
Several interesting aspects of  the dynamics associ- 

ated with vapor bubble growth were disclosed in the 
course of  computing the vapor bubble growths for the 
two limits of  initial uniform and non-uniform liquid 
superheats in Figs. 7 and 8. The elements of  bubble 
radius and velocity, acceleration, and superheat at the 
l iquid-vapor interface arising from the computations 
are plotted in Figs. 9 and 10 for the conditions of  Figs. 
7 and 8, respectively, and the differences in behavior 
arising from the respective initial temperature dis- 
tributions will be examined. A logarithmic time scale 

is used in order to make more clear the events taking 
place in the early stages of  growth. 

It is seen in Fig. 9(c) that the initial critical size 
vapor bubble, in which the higher vapor  pressure cor- 
responding to the bulk temperature mechanically bal- 
ances the surface tension, appears to sustain its critical 
size at a constant value for a certain period of  time. 
In actuality it is growing, although very slowly with a 
velocity of  1 x 10 -5 m s -], too small to be detected in 
this plot. The growth then suddenly increases to a 
velocity of  approximately 13.5 m s ,, due to the rapid 
reduction in the surface tension. This behavior is to 
be contrasted with that in Fig. 10(b), for the relatively 
low initial heater surface superheat of  20°C, in which 
the maximum velocity reaches only 6 m s-  1. The criti- 
cal size bubble of  4 × 10 -8 m radius in Fig. 9(c), which 
is beyond a measurable size, accelerates to a maximum 
value of  7 × 108 m s -2 in Fig. 9(a), imparting momen-  
tum to the liquid, which then leads to an overshoot,  
resulting in a rapid decrease in l i q u i ~ v a p o r  interface 
temperature, Fig. 9(b). This overshoot produces a 
small dip in the radius curve at approximately 1 x 10 5 s. 
The dip could not be detected in the plot of  Fig. 7 
because of  its short duration, and also does not appear 
in the case with the thin thermal boundary layer in 
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Fig. 9. Computed dynamics of vapor bubble growth model limits for bubble number s60r9 in Figs. 5 and 
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ATsu p = 64°C.  

Fig. 10(b). This would indicate that the momentum 
imparted to the liquid is insufficient to produce such 
a dip here. 

In examining both Figs. 9(b) and 10(a), it is noted 
that no significant difference exists between the initial 
uniform superheat model and the initial non-uniform 
superheat model with respect to both the interface 

accelerations and the interface temperatures. The 
radius and velocity curves generated by both models 
coincide up to 1 x 10 -4 s in Fig. 9(c) and up to 1 x 10 -s s 
in Fig. 10(b), which leads to the conclusion that 
the differences between the initially uniform and non- 
uniform liquid superheats have no effects on the early 
stages of bubble growth as long as the initial heater 
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le+00 

le-Ol 

surface superheat is common to both. tt is only in 
the latter stages of growth that significant differences 
arise, as demonstrated in Figs. 7 and 8. 

4.4. Bubble boundary layer temperature distribution 
The temperature distribution in the thermal bound- 

ary layer surrounding a growing (or collapsing) vapor 
bubble changes as a consequence of evaporation (or 
condensation), diffusion to the bulk liquid and con- 
vection effects associated with the bubble growth (or 
collapse). To examine this behavior the computed 
transient temperature distributions for the two cases 
with high and low initial heater surface superheats 
described above are plotted in Figs. 11 and 12, respec- 
tively, for the initially non-uniform liquid superheats. 
The spatial coordinate is referenced to the con- 
tinuously moving liquid-vapor interface of the vapor 
bubble. 

Logarithmic scales are adopted in Figs. 11 (b) and 
12(b) in order to show the detailed behavior in the 
vicinity of the liquid-vapor interface. It is observed 
in Figs. l l(a) and 12(a) that as the bubble growth 
takes place the effect of the liquid divergence is 
to substantially increase the temperature gradient 
toward the bulk liquid, while the temperature gradi- 
ent toward the liquid-vapor interface decreases as a 
result of the evaporation. These serve to rapidly 
diminish the non-uniform superheat initially sur- 
rounding the bubble. The initial thermal boundary 
layers of 3 mm and 0.6 mm in thickness in Figs. 
l l(a) and 12(a) are dissipated in about 0.06 s and 
0.004 s, respectively. It is noted that the temperature 
gradient changes sign at time t8 in Fig. 12 (a), 
resulting in condensation at the interface. This 
phenomena is also observed in the latter stages in 
Fig. 10(b). 
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Fig. l 1. Transient liquid temperature distribution for bubble number s60r9 computed by the initial non- 

uniform superheat model. (a) Linear scale, (b) logarithmic scale. AT, up = 64°C. 

5 .  C O N C L U S I O N S  

The measurements of  vapor bubble growth o n  a flat 
heater surface under microgravity were compared to 
hemispherical models, consisting of a combination of 
an initially uniform and a non-uniform superheated 
liquid model. These models globally describe the 
vapor bubble growth under microgravity and deter- 
mine the upper and lower bounds of the growth. 

Bubble growth fractions deduced from the upper and 
lower bounds provide a useful index to describe the 
growth, indicating the relative contributions between 
these bounds. The bubble growth rate depends upon 
the initial temperature distribution around the bubble, 
which is directly related to the heat flux and heating 
time leading to nucleation. The very early stages of 
the bubble growth are shown to be virtually the same 
for the initially uniform and non-uniform liquid 
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Fig. 12. Transient liquid temperature distribution for bubble number s60r4 computed by the initial non- 
uniform superheat model. (a) Linear scale, (b) logarithmic scale. AT,~ = 2ffC. 

superheat cases. The transient temperature dis- 
tr ibution surrounding a growing vapor bubble is 
affected substantially by the liquid divergence 
as well as by the transient heat conduction to the 
l iquid-vapor  interface of  the bubble as a result of  
evaporation. 
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